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Abstract: Forest ecosystems in Europe are expected to experience changes in temperature and water
regimes associated with increased risks of extreme environmental events and disasters. Genetic
diversity and relatedness has been linked to resilience of forest stands and landscapes. Genetic
diversity indicators were compared between a Norway spruce population naturally regenerated after
extensive windthrow and Norway spruce progeny populations derived from two seed orchards.
In addition, genetic diversity in an undisturbed stand in a long established national park and a
spruce genetic resource stand were analyzed. Populations were genotyped at 11 simple sequence
repeat (SSR) loci. Average genetic diversity indicators were similar across populations. However, the
total number of alleles, average number of alleles over all loci, effective number of alleles, average
gene diversity, and average allelic richness were highest in the naturally regenerated population
and lowest in one of the seed orchard progeny populations. The genetic diversity in progeny from
seed orchards used for stand renewal is comparable to the genetic diversity in naturally regenerated
stands. However, fluctuations in seed production between years can have a large impact on genetic
diversity in seed orchard progeny. The use of improved Norway spruce germplasm deployed via
clonal seed orchards for forest renewal can maintain similar levels of genetic diversity compared to
naturally regenerated stands, while also increasing production and timber quality.
Keywords: adaptation; regeneration; forest management; tree breeding; microsatellite
markers; genotyping
1. Introduction
Forest ecosystems in Europe are expected to experience changes in temperature and water
regimes associated with increased risks of forest disturbances [1]. Projected future climate scenarios
pose uncertainties related to increased risks of extreme events and disasters [2]. The predictions for
vegetation cover (climatic envelope) models suggest that forest composition is already expected to
shift by the end of the 21st century due to climatic changes [3]. Furthermore, under most scenarios,
Norway spruce (Picea abies (L.) Karst.) would experience difficulties in growth, and particularly
regeneration (caused by droughts, pests, storm damages) [4–6]. Recovery of ecosystems and their
further development also depends on management decisions regarding natural succession or planting
of improved germplasm, which may have impacts on the genetic diversity of forest stands [7,8].
There are many interactions and often evolutionary processes (evolutionary adaptation) that occur
as a result of natural or anthropogenic disturbances, which play essential roles in forest resilience [9].
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The environmental alterations may affect ecosystem responses via tree species migration, phenotypic
plasticity, or evolutionary adaptation [10]. In particular, evolutionary changes related to natural
regulation have a major effect on the ability of populations to survive in their environment [11].
Potentially, one effect of large scale disturbances (or clear-cuts by humans) on tree populations could
be a decrease in genetic diversity due to considerable tree mortality [12]. Consequently, regeneration
influences the ability of tree populations to maintain sustainable levels of genetic diversity. Pollen
and seed dispersal mechanisms also impact tree populations. Post-disturbance genetic structure is
influenced by the fitness of individuals already present at a site and by genotypes migrating from
elsewhere [13]. Naturally regenerated genotypes become less genetically similar with increasing
geographical distance between them, and these are not distributed randomly [14]. Understanding the
factors impacting the genetic diversity of naturally regenerating populations will provide a basis for
forest management decisions.
Simple sequence repeat (SSR) markers are widely used for population genetic studies as they exhibit
codominance and are usually highly polymorphic. Prior to the increasing availability of sequence
data, their development required a significant investment, and their cross-species transferability was
limited because of absence of the repeat region or degeneration of the primer binding sites. Expressed
sequence tag SSRs (EST-SSRs) are developed from expressed RNA sequences and can be identified
from sequence databases. One advantage of EST-SSRs is that they are directly associated with a coding
gene, and so may be useful for association with phenotypic traits. Also, because expressed sequences
are more likely to be evolutionary conserved, cross-species PCR amplification of EST-SSRs is expected
to be more successful compared to SSRs developed from genomic DNA. However, their levels of
variability may not be as great because of selective constraints [15].
The forest management practices that aim to sustain diversity for future generations have
encountered new challenges (e.g., ensuring a low level of co-ancestry to avoid inbreeding [16]).
The combination of breeding and silvicultural activities may have major consequences related to the
existing natural genetic variation in forest tree populations [17]. In particular, genetic diversity and
relatedness has often been the main subject in scientific and public discussions related to maintenance
of valuable genetic resources and intensive forest management, with increased demand for superior
improved germplasm for reforestation purposes [18]. Specifically, it is necessary to capture the majority
of alleles that are present in natural populations in seed orchards at similar frequencies [19].
Long-term Norway spruce breeding programs have been developed to improve adaptation to
climatic conditions and resistance to the effects of biotic and abiotic factors [20]. Thus, there is an
ongoing need for assessment of possible changes in genetic diversity and relatedness among and within
breeding populations of Norway spruce and the progeny derived from these populations. In this study,
microsatellite markers were used to analyze genetic diversity in forest stands with differing structures
and regeneration history: a population in Slitere naturally regenerated after significant windthrow
damage, an undisturbed population in a long-established national park, a Norway spruce genetic
resource stand, and two Norway spruce seed orchard progeny trials (established from two different
seed orchards). The aim of the study was to assess the genetic diversity of regenerating populations of
Norway spruce after large-scale disturbance in comparison to managed genetic resource stands and
seed orchard progeny trials.
2. Materials and Methods
2.1. Analyzed Populations
The Slitere Nature Reserve (SNR) is located in the north-western part of Latvia (Figure 1), with a
total area of 1100 ha, and is the oldest part of the Slitere National Park, which was established in 1923.
Since then, no silvicultural activities have been undertaken in this area. The SNR is dominated by
forest stands specific to hemiboreal forests [21]. The most abundant tree species in this area are Norway
spruce (Picea abies L. Karst.) and Scots pine (Pinus sylvestris L.) (44% and 31%, respectively). A major
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storm resulting in extensive windthrow occurred in November 1969. In total, approximately 187 ha of
forest stands in the SNP were completely devastated and 81% of these were Norway spruce stands.
No salvage logging was carried out and stands were allowed to regenerate naturally. A total of 58
mature trees (Slitere parents) (overstory at the time of the windthrow), and 95 “progeny” trees (Slitere
progeny) (regenerated from seeds or advance regeneration trees after the windthrow) were sampled.
The samples were collected in permanent sample plots established in stands naturally regenerated
after more than 90% of the canopy area was devastated in the storm (based on Corona KH-4 satellite
data [22]). The geographic coordinates of plot centers were taken, and for each tree, distance and
azimuth to the plot center were measured.
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Figure 1. Location of selected Norway spruce populations).
In addition, two “natural” spruce stands were analyzed—the Rezekne spruce forest genetic
resource (FGR) stand (coordinates: 56.599, 27.414) (96 samples), and the Moricsala nature reserve
(coordinates: 57.195, 22.147) (48 samples) (Figure 1). Samples from these stands were collected from
individuals separated by a minimum of 50 m. Both of these stands are considered to be autochthonous
and naturally established. The mean age of the Rezekne FGR stand is over 100 years, and it is a
source-identified seed stand. The Moricsala nature reserve is the oldest nature reserve in Latvia,
established in 1912, and is a strictly protected area. Two progeny trials established using seeds from
two clonal Norway spruce seed orchards were also analyzed. The Remte seed orchard is located in the
south-western part of Latvia (coordinates: 56.735, 22.795; area: 27.72 ha) and was established in 1965,
and the Katvari seed orchard is located in the northern part of Latvia (coordinates: 57.530, 24.745; area:
15.5 ha) and was established in 1975. The Remte seed orchard consists of 50 clones in total, and the
Katvari plantation of 20 clones in total. The distance to the nearest stand of the same species for the
Remte seed orchard is 1000 m and for Katvari is 500 m. The trees are distributed in a 4 m × 6 m grid in
Remte and 5 m × 5 m grid in Katvari. A random sample of bulk seed from the Remte and Katvari seed
orchards (seeds from the 2001 and 1998 harvest years, respectively) were used to establish the progeny
trials. These progeny trials (Remte, 72 individuals; Katvari, 90 individuals) were sampled for genetic
analysis (Figure 1). Details about the analyzed populations are summarized in Table 1.
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Table 1. Summary of analyzed populations.







Slitere progeny Autochthonous—naturallyregenerated >1969 <50 - - 57.63; 22.28
Slitere parents Autochthonous <1969 >50 - - 57.63; 22.28
Rezekne Autochthonous ~1912 ≥100 - 100 m 56.60; 27.41
Moricsala Autochthonous 1910-1930 ~90 - 2400 m 57.20; 22.15
Remte Seed orchard progeny trial 1965 54 50 1000 m 56.74; 22.80
Katvari Seed orchard progeny trial 1975 44 20 500 m 57.53; 24.75
2.2. Genetic Analysis
DNA samples from spruce needles were isolated using a CTAB-based method [23]. Genotyping
was done using 10 nuclear SSR markers (Table 2). Each forward primer was labelled with a different
fluorophore (6-FAM, HEX, or TMR) to facilitate visualization using capillary electrophoresis. The PCR
reactions for the nuclear SSR markers were carried out in a 20µL solution containing a final concentration
of 0.2 mM dNTPs, 2 mM MgCl2, 0.2 µM of each primer, 1.5 µL DNA solution, 1× Taq buffer, and 1 U of
recombinant Taq DNA polymerase (Thermo Scientific, Waltham, MA, USA).
Table 2. Microsatellite loci utilized for genotyping spruce individuals.















































HEX (AT)11 0.062 (0.018) 0.014
R:CACTGAATACACCCATTATCC
Note: 1 Pfeiffer et al., 1997 [24]; 2 Hodgetts et al., 2001 [25]; 3 Rungis et al., 2004 [15]; 4 Besnard et al., 2003 [26];
5 Rungis, unpublished.
PCR cycling conditions consisted of an initial denaturation step of 95 ◦C for 4 min; 35 cycles
of 94 ◦C for 30 s, 52 ◦C for 45 s, and 72 ◦C for 60 s; followed by a final extension step of 72 ◦C for
10 min. All PCR reactions were carried out in an Eppendorf Mastercycler gradient thermal cycler.
Amplification fragments were separated on an ABI Prism 3130xl Genetic Analyzer (Life Technologies,
Foster City, CA, USA) and genotyped with GeneMapper 3.5. Genotype data was checked using
the Micro-checker software [27] to identify errors caused by the presence of null alleles and other
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factors the confidence interval was set at 95%, and 1000 randomizations were performed. Null allele
frequencies were estimated using the Van Oosterhout estimator. Analysis of nuclear SSR data was
done using GenAlEx 6.5 [28], including calculation of pairwise relatedness using the Queller and
Goodnight [29] estimator. Pairwise linear genetic distances and geographic distances of the Slitere
progeny population were compared using a Mantel test (999 permutations). Allelic richness and gene
diversity were calculated using Fstat v.2.9.3.2 [30]. Effective population size (Ne) was estimated using
the LD method of Waples and Do (2010) [31], as implemented in NeEstimator V2, using a lowest allele
frequency threshold of 0.05.
3. Results
A total of 10 SSR markers were utilized to genotype the Norway spruce samples. As reported
previously [24], marker UAPgAG150 amplified two loci, which were independently genotyped,
therefore the stands were genotyped at a total of 11 loci. The number of alleles amplified at each
locus ranged from 8 (UAPgAG150A and WS0073.H08) to 31 (SpAGC1), with a mean of 10.73 ± 0.64.
The number of effective alleles ranged from 1.79 (UAPgAG150A) to 11.75 (SpAGG3), with a mean
of 4.83 ± 0.42. Shannon’s information index (I) ranged from 0.83 (UAPgAG150A) to 2.62 (SpAGG3)
with a mean of 1.65 ± 0.13. The mean observed heterozygosity (0.53 ± 0.04) was lower than the
expected heterozygosity (0.72 ± 0.07), and the fixation index was above zero for all analyzed loci,
ranging from 0.01 (SpAGG3) to 0.71 (WS0033.A18), with a mean of 0.26 ± 0.03. This indicates that
there was an excess of homozygotes compared to the expected values, assuming that the populations
are in Hardy–Weinberg equilibrium. Potential null alleles were detected at all analyzed loci, except for
SpAGC1, SpAGG3, and paGB3. At four loci, the estimated null allele frequency was over 0.1 (SpAGC2,
UAPgTG25, UAPgAG150A, WS0033.A18). The null alleles were present in similar frequencies in all
analyzed populations, and genetic distances between populations were not calculated (which can be
influenced by the presence of null alleles); therefore, all 11 loci were retained for genetic diversity and
within population pairwise relatedness analyses.
Average genetic diversity indicators—allele number, allele number with a frequency of over
0.05, effective allele number, Shannon’s information index, expected and observed heterozygosity
(calculated over all loci)—in the analyzed populations were similar. Mean allelic richness (based on a
minimum sample size of 45 individuals) ranged from 8.99 in the Remte progeny to 10.22 in the Slitere
progeny (Table 3).




Parents Rezekne Moricsala Remte Katvari
N 95 58 96 48 72 90
Total Na 134 112 122 110 106 123
Average Na 12.18 (1.75) 10.18 (1.48) 11.09 (1.86) 10.00 (1.61) 9.64 (1.28) 11.18 (1.57)
Total Na Frequency ≤ 5% 85 56 69 55 62 70
Average Na Frequency ≥ 5% 4.45 (0.59) 5.09 (0.89) 4.82 (0.64) 5.00 (0.65) 4.00 (0.40) 4.82 (0.70)
Neff 5.14 (1.26) 5.18 (1.31) 5.00 (1.10) 4.87 (0.96) 4.02 (0.59) 5.03 (1.03)
I 1.67 (0.19) 1.65 (0.18) 1.66 (0.18) 1.67 (0.16) 1.57 (0.14) 1.70 (0.17)
Ho 0.55 (0.07) 0.52 (0.18) 0.55 (0.07) 0.52 (0.08) 0.52 (0.07) 0.53 (0.07)
He 0.71 (0.05) 0.71 (0.04) 0.71 (0.05) 0.72 (0.05) 0.69 (0.05) 0.72 (0.05)
F 0.22 (0.08) 0.28 (0.08) 0.24 (0.07) 0.27 (0.09) 0.27 (0.08) 0.27 (0.08)
No. of unique alleles 15 8 10 9 3 8
Average gene diversity 0.71 (0.05) 0.72 (0.04) 0.72 (0.05) 0.73 (0.05) 0.70 (0.05) 0.73 (0.05)
Average Allelic richness 10.22 (1.52) 9.65 (1.43) 9.79 (1.49) 9.87 (1.57) 8.99 (1.12) 10.01 (1.41)
Standard errors shown in brackets. Abbreviations: N—number of individuals; Na—number of alleles; Neff—effective
number of alleles; I—Shannon’s diversity index; Ho—observed heterozygosity; He—expected heterozygosity;
F—fixation index.
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The total number of alleles identified in each population ranged from 134 (Slitere progeny) to
106 (Remte). The number of low frequency alleles (<0.05) ranged from 85 (Slitere progeny) to 55
(Moricsala). The number of alleles unique to one population ranged from 15 (Slitere progeny) to three
(Remte). The total number of alleles unique to only one population was 53 (out of a total of 193 alleles
identified over all populations). The majority of these unique alleles were low frequency, with only
one with a frequency above 0.05 (Moricsala, f = 0.054).
Genetic differentiation between populations (Fst) was low. The average pairwise Fst value between
all analyzed populations was 0.012, with the lowest value between Slitere offspring and Rezekne
(0.005), and the highest between Moricsala and Remte (0.023). The average pairwise Fst value between
the mature populations (Slitere parents, Rezekne, Moricsala) was 0.013, reflecting the low genetic
differentiation of spruce populations within Latvia. The Fst value between the Slitere parent and
progeny populations was 0.006. The Fst values between the Remte and Katvari population was
0.010, which were similar to those between the Slitere progeny population and the Remte (0.012)
and Katvari (0.009) populations. The Remte and Katvari seed orchard progeny populations were
not highly differentiated from the mature populations (Slitere parents, Rezekne, Moricsala) (average
pairwise Fst was 0.013). Pairwise relatedness was also calculated in the three progeny populations
(Slitere, Remte, and Katvari progeny). The mean relatedness values in the Slitere progeny and Remte
progeny populations were positive (0.011 and 0.027, respectively), while in the Katvari population,
mean relatedness was −0.008 (Figure 2). There was no evidence for spatial genetic structure in the
Slitere progeny population, with no significant difference between the pairwise geographic and genetic
distance matrices (Mantel test, 999 permutations).
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Figure 2. Average within population pairwise relatedness [29] values (r). Error bars indicate the 95%
confidence interval of the mean values, as determined by resampling (999 bootstraps); red bars indicate
the 95% confidence interval of the null hypothesis of “no difference” between the populations.
The effective population size (Ne) was estimated with the linkage disequilibrium (LD) method.
The estimated effective population sizes were smallest in the seed orchard progeny populations,
and were proportional to the number of clones in each plantation. The effective population size of the
Slitere progeny was smaller than that of the older trees, and was probably influenced by the relatively
smaller number of individuals contributing to the regeneration of the Slitere stand after the extensive
windthrow damage. The Rezekne and Moricsala stands have large estimated effective population
sizes, reflecting the large size of these populations and the high gene flow into the sub-populations
sampled from the surrounding stands (Table 4).
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Table 4. Effective population size (Ne) of populations calculated using the linkage disequilibrium (LD)
method, with upper and lower 95% confidence intervals (CI).
Population Ne Lower CI Upper CI
Slitere progeny 167.3 103.3 361.7
Slitere parents 251.4 114.2 Infinite
Rezekne 685.5 220.7 Infinite
Moricsala 714.6 141.3 Infinite
Remte 68.2 47.5 108.4
Katvari 48.5 38.5 62.7
4. Discussion
Forest tree breeding programs strive to balance genetic gain and selection intensity while
maintaining sufficient genetic diversity within the deployed material. Seed orchards are the mechanism
used to deliver the results of forest breeding programs for use in planting and stand renewal. Particularly
for long rotation species such as Norway spruce, which are planted in regions where this species is
autochthonous, the deployment of improved germplasm should be monitored to ensure that levels of
genetic diversity are maintained, and that they are comparable to naturally renewed stands. Most clonal
orchards contain 30–50 genotypes, with varying numbers of ramets [32]. This number of clones seems
to ensure high levels of genetic diversity comparable to natural populations. The high levels of genetic
diversity are a result of the diversity present within the clones, which in many cases is supplemented
by high levels of pollen flow from outside the seed orchard. Previous studies comparing the genetic
diversity of seed orchards with that of natural populations have reported comparable levels of genetic
diversity, with the exception of the reduction of rare frequency alleles [32]. The levels of genetic
diversity in seed orchards and their progeny can in fact be higher than those of surrounding populations,
as the clones present in a seed orchard may be sourced from a wide geographic distribution [33].
The values of most genetic diversity indicators in the seed orchard progeny trials (particularly the
Katvari progeny trial) were similar to the naturally regenerated Norway spruce stand in Slitere, as well
as the natural stands at Rezekne and Moricsala. Effective population sizes were larger in the mature
natural stands, as well as in the naturally renewed Slitere stand, compared to the seed orchard progeny
trials. The effective population sizes in the seed orchard progeny were relative to the number of clones
in each seed orchard (50 in Remte and 20 in Katvari). Pollen flow from outside of the main producing
blocks in these seed orchards resulted in larger Ne estimates than the clone number in each plantation.
All 11 loci were utilized for the calculation of Ne, despite the probable presence of null alleles, which
can reduce Ne estimates of populations [34]. However, the Ne estimates do not seem to be unusually
low, and are similar to those reported previously in a comparison of Norway spruce seed lots from
seed orchards and natural stands [35]. The estimation of effective population sizes with the LD method
is more accurate for populations with smaller Ne, and the Ne of the Rezekne and Moricsala stands are
probably overestimated due to high immigration rates [36]. The higher LD, and subsequently lower
Ne sizes in the Remte and Katvari progeny, may also be caused by the relative isolation of the seed
orchards (in comparison to the other analyzed stands), resulting in decreased pollen contamination
and more structured progeny populations. The Remte and Katvari seed orchards are not particularly
isolated from surrounding spruce stands (1000 m and 500 m, respectively), but the majority of pollen
is dispersed at short distances. However, this does not exclude the influence of long-distance pollen
dispersal on the introduction of additional genetic diversity [37]. In this study, the diversity of the
progeny was estimated from established progeny trials or naturally renewed stands rather than directly
from seed lots. In the case of the progeny trials from seed orchards, the sampling of mature progeny
trees may reduce the levels of identified genetic diversity compared to direct sampling of seed lots
because of the selection and retention of vigorous genotypes within the progeny trials. In addition, each
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of the sampled progeny trials were established from a single year seed lot. In contrast, the naturally
renewed spruce stands at Slitere contained individuals of differing ages, established at various times
after the storm that devastated the stand. The presence of large areas of Norway spruce adjacent to this
stand ensured a large amount of pollen and seed flow from these surrounding areas. A similar increase
in genetic diversity in naturally regenerated Norway spruce populations in comparison to putative
maternal populations has also been reported in Lithuania [38]. The low population differentiation (Fst)
values between all the analyzed populations is a reflection of the low level of population structure in
Norway spruce, particularly within Latvia, which does not have notable gene flow barriers or strong
environmental gradients. The seed orchard progeny populations were not differentiated from the
mature populations (Slitere parents, Rezekne, Moricsala), indicating that the breeding process has
not greatly altered gene frequencies compared to natural populations. The selection criteria in the
Latvian Norway spruce breeding program are based on quantitative traits, such as growth rate and
stem quality, which are controlled by multiple genes (QTLs), and moreover, the number of markers
utilized in this study is not sufficient to effectively identify any signs of selection. The genetic similarity
of seed orchard progeny and natural stands is also maintained by pollen flow from surrounding stands
into seed orchards. Differentiation due to genetic drift as a consequence of the lower populations sizes
(clone numbers) in seed orchards may be of higher concern.
Surprisingly, the genetic diversity indicators in the Katvari seed orchard (20 clones) progeny
trials were higher than in the Remte seed orchard (50 clones) progeny trials, particularly the average
pairwise relatedness. While this may be due to a higher level of isolation from pollen contamination at
the Remte seed orchard, seed year can also have a significant effect on the genetic diversity of seed
crops, particularly for Norway spruce, which has pronounced mast years [39]. The available data
from seed orchard managers indicate that seed production in the year when seeds were collected from
the Remte plantation was very low. Seed production from Remte in 2000–2001 was 162 hl or 156 kg
(5.6 kg ha−1), compared to Katvari in 1998, which was 780 hl or 738 kg (46.6 kg ha−1), and potentially
only a few clones were significantly contributing to the average seed sample lot that was used to
establish the Remte progeny trial (data from JSC “Latvia’s State Forests”, Seeds and Plants division).
The lower values in the Remte progeny trial for some genetic diversity indicators (e.g., number of
unique alleles, average gene diversity, and allelic richness) is probably due to the low seed harvest
in that year. Additional progeny trials, established from different seed year lots from the Remte
plantation are available, and analysis of these can determine if these lower levels of genetic diversity
are a result of a particular seed year. The higher genetic diversity in the Katvari plantation progeny
trials indicates that despite the relatively small number of clones from which seeds were harvested
(20), there is sufficient pollen flow to maintain diversity levels comparable to natural populations.
In fact, the average pairwise relatedness was lower in the Katvari population compared to the naturally
regenerated Slitere progeny population. The comparatively lower diversity in the Remte progeny
population, despite the seeds being collected from a larger number of clones, suggests that fluctuations
in seed production between years can have a large impact on genetic diversity. While no direct data
is available, the actual number of seed producing clones in the Remte plantation in the year that the
seeds were collected is probably lower than the number of clones in the seed orchard. Therefore, seeds
collected in non-mast years need to be deployed with caution to prevent a loss of genetic diversity in
the progeny populations.
5. Conclusions
The genetic diversity in progeny from seed orchards used for stand renewal is comparable to
the genetic diversity in naturally regenerated stands. One of the main concerns when using seed
orchard progeny is the loss of rare alleles found in natural populations. However, the germplasm in
the Latvian spruce breeding program is essentially derived from Latvian populations, and natural
spruce stands are found throughout Latvia, with no barriers for pollen dispersal. Therefore, pollen
flow into seed orchards can ensure the introduction of these rare alleles into the progeny from these
Forests 2019, 10, 926 9 of 11
orchards. The use of improved Norway spruce germplasm deployed via clonal seed orchards for forest
renewal can maintain similar levels of genetic diversity compared to naturally regenerated stands,
while also increasing production and timber quality.
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Funding: Endijs Baders acknowledges the project “Support for the Implementation of Post-Doctoral
Research, agreement No.1.1.1.2/16/I/001” funded by the European Regional Development Fund, contract No.
1.1.1.2/VIAA/1/16/120.
Conflicts of Interest: The authors declare no conflict of interest.
References
1. Lindner, M.; Fitzgerald, J.B.; Zimmermann, N.E.; Reyer, C.; Delzon, S.; van der Maaten, E.; Schelhaas, M.-J.;
Lasch, P.; Eggers, J.; van der Maaten-Theunissen, M.; et al. Climate change and European forests: What
do we know, what are the uncertainties, and what are the implications for forest management? J. Environ.
Manag. 2014, 146, 69–83. [CrossRef] [PubMed]
2. Intergovernmental Panel on Climate Change (IPCC). Managing the Risks of Extreme Events and Disasters to
Advance Climate Change Adaptation; A Special Report of Working Groups I and II of the Intergovernmental Panel
on Climate Change; Field, C.B., Barros, V., Stocker, T.F., Qin, D., Dokken, D.J., Ebi, K.L., Mastrandrea, M.D.,
Mach, K.J., Plattner, G.-K., Allen, S.K., Eds.; Cambridge University Press: Cambridge, UK; New York, NY,
USA, 2012.
3. Hickler, T.; Vohland, K.; Feehan, J.; Miller, P.A.; Smith, B.; Costa, L.; Giesecke, T.; Fronzek, S.; Carter, T.R.;
Cramer, W.; et al. Projecting the future distribution of European potential natural vegetation zones with a
generalized, tree species-based dynamic vegetation model. Glob. Ecol. Biogeogr. 2012, 21, 50–63. [CrossRef]
4. Mäkinen, H.; Nöjd, P.; Mielikäinen, K. Climatic signal in annual growth variation in damaged and healthy
stands of Norway spruce [Picea abies (L.) Karst.] in Southern Finland. Trees 2001, 15, 177–185. [CrossRef]
5. Reich, P.B.; Oleksyn, J. Climate warming will reduce growth and survival of Scots pine except in the far
north. Ecol. Lett. 2008, 11, 588–597. [CrossRef]
6. Seidl, R.; Schelhaas, M.-J.; Rammer, W.; Verkerk, P.J. Increasing forest disturbances in Europe and their
impact on carbon storage. Nat. Clim. Chang. 2014, 4, 806–810. [CrossRef]
7. Banks, S.C.; Cary, G.J.; Smith, A.L.; Davies, I.D.; Driscoll, D.A.; Gill, A.M.; Lindenmayer, D.B.; Peakall, R.
How does ecological disturbance influence genetic diversity? Trends Ecol. Evol. 2013, 28, 670–679. [CrossRef]
8. Namkoong, G. Biodiversity issues in genetics, forestry and ethics. For. Chron. 1992, 68, 438–443. [CrossRef]
9. Thom, D.; Rammer, W.; Seidl, R. Disturbances catalyze the adaptation of forest ecosystems to changing
climate conditions. Glob. Chang. Biol. 2017, 23, 269–282. [CrossRef]
10. Alfaro, R.I.; Fady, B.; Vendramin, G.G.; Dawson, I.K.; Fleming, R.A.; Sáenz-Romero, C.; Lindig-Cisneros, R.A.;
Murdock, T.; Vinceti, B.; Navarro, C.M.; et al. The role of forest genetic resources in responding to biotic and
abiotic factors in the context of anthropogenic climate change. Ecol. Manag. 2014, 333, 76–87. [CrossRef]
11. Alberto, F.J.; Aitken, S.N.; Alía, R.; González-Martínez, S.C.; Hänninen, H.; Kremer, A.; Lefèvre, F.;
Lenormand, T.; Yeaman, S.; Whetten, R. Potential for evolutionary responses to climate change-evidence
from tree populations. Glob. Chang. Biol. 2013, 19, 1645–1661. [CrossRef]
12. Leimu, R.; Mutikainen, P.; Koricheva, J.; Fisher, M. How general are positive relationships between plant
population size, fitness and genetic variation? J. Ecol. 2006, 94, 942–952. [CrossRef]
13. Hamrick, J.L. Response of forest trees to global environmental changes. For. Ecol. Manag. 2004, 197, 323–335.
[CrossRef]
14. González-Díaz, P.; Jump, A.S.; Perry, A.; Wachowiak, W.; Lapshina, E.; Cavers, S. Ecology and management
history drive spatial genetic structure in Scots pine. For. Ecol. Manag. 2017, 400, 68–76. [CrossRef]
Forests 2019, 10, 926 10 of 11
15. Rungis, D.; Bérubé, Y.; Zhang, J.; Ralph, S.; Ritland, C.E.; Ellis, B.E.; Douglas, C.; Bohlmann, J.; Ritland, K.
Robust simple sequence repeat markers for spruce (Picea spp.) from expressed sequence tags. Appl. Genet.
2004, 109, 1283–1294. [CrossRef] [PubMed]
16. Keller, L.F.; Waller, D.M. Inbreeding effects in wild populations. Trends Ecol. Evol. 2002, 17, 230–241.
[CrossRef]
17. Namkoong, G.; Kang, H.C.; Brouard, J.S. Tree Breeding: Principles and Strategies. Monographs on Theoretical and
Applied Genetics 11; Springer: New York, NY, USA, 1988.
18. Androsiuk, P.; Shimono, A.; Westin, J.; Lindgren, D.; Fries, A.; Wang, X.-R. Genetic status of Norway spruce
(Picea abies) breeding populations for northern Sweden. Silvae Genet. 2013, 62, 127–136. [CrossRef]
19. Godt, M.J.W.; Hamrik, J.L.; Edwards-Burke, M.A.; Williams, J.H. Comparisons of genetic diversity in white
spruce (Picea glauca) and jack pine (Pinus banksiana) seed orchards with natural populations. Can. J. For. Res.
2001, 31, 943–949. [CrossRef]
20. Eriksson, G.; Ekberg, I.; Clapham, D. Genetics Applied to Forestry: An Introduction, 3rd ed.; Elanders Sverige
AB: Uppsala, Sweden, 2013; p. 206.
21. Ahti, T.; Hämet-Ahti, L.; Jalas, J. Vegetation zones and their sections on northwestern Europe. Ann. Bot.
Fenn. 1968, 5, 169–211.
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